ABSTRACT More than 70% of eukaryotic proteins are composed of multiple domains. However, most studies of the search for DNA focus on individual protein domains and do not consider potential cross talk within a multidomain transcription factor. In this study, the molecular features of the DNA search mechanism were explored for two multidomain transcription factors: human Pax6 and Oct-1. Using a simple computational model, we compared a DNA search of multidomain proteins with a search of isolated domains. Furthermore, we studied how manipulating the binding affinity of a single domain to DNA can affect the overall DNA search of the multidomain protein. Tethering the two domains via a flexible linker increases their affinity to the DNA, resulting in a higher propensity for sliding along the DNA, which is more significant for the domain with the weaker DNA-binding affinity. In this case, the domain that binds DNA more tightly anchors the multidomain protein to the DNA and, via the linker, increases the local concentration of the weak DNA-binding domain (DBD). The tethered domains directly exchange between two parallel DNA molecules via a bridged intermediate, where intersegmental transfer is promoted by the weaker DBD. We found that, in general, the relative affinity of the two domains can significantly affect the cross talk between them and thus their overall capability to search DNA efficiently. The results we obtained by examining various multidomain DNA-binding proteins support the necessity of discrepancies between the DNA-binding affinities of the constituent domains.
INTRODUCTION
Multidomain proteins consist of two or more domains, which, according to the Structural Classification of Proteins database, are the evolutionary units of proteins. Multidomain proteins account for at least two-thirds of eukaryotic genomes (1, 2) . A domain can have an independent function or it can contribute to the function of a multidomain protein by cooperating with the other domains. For example, many proteins that are involved in regulating gene expression are multidomain and contain DNA-binding domains (DBDs) that recognize specific DNA sequences. Cross talk is often found between the various domains of multidomain transcription factors. In particular, cooperation between the DBDs of multidomain transcription factors has been reported to be crucial for efficient binding to the DNA promoter, and thus plays an essential role in cellular regulation (3) (4) (5) (6) . One might ask whether the two domains engage in cross talk while searching the DNA.
It has been known for about four decades that transcription factors can locate their specific binding sites on the DNA about two orders of magnitude faster than would be predicted for a bimolecular reaction guided by three-dimensional (3D) diffusion. On the basis of a study by Berg et al. (7) , it is widely accepted that the target search process on DNA is facilitated by combining a 3D diffusion mechanism with other mechanisms, i.e., sliding, hopping, and intersegment transfer, performed in a lower-dimensional space (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . In the case of sliding, as was demonstrated by several studies (16, (18) (19) (20) , the protein linearly diffuses in a helical fashion along the phosphate-sugar rails (14, 15, 21) . Hopping involves dissociation of the protein from the DNA followed by brief diffusion in free solution and reassociation a short distance farther along the DNA. Accordingly, hopping can be defined as linear diffusion along the DNA, where the protein is not restricted in terms of location to the major groove. In intersegment transfer, the protein directly transfers from one DNA fragment to another, presumably via a doubly bound intermediate (7, 22) .
The existence of intersegment transfer, which is known to accelerate the search for a specific target site on DNA (22) (23) (24) , has been confirmed by a number of in vitro experiments in which the protein was treated globally, obscuring mechanistic details specific to protein regions and domains (19, 25, 26 ). An extensive computational study using a coarse-grained model (16) showed that homeodomain proteins jump between two DNA molecules through an intermediate in which the recognition helix of the protein is adsorbed to one DNA fragment while the disordered N-tail, which acts as a subdomain, is adsorbed to the other. Intersegment transfer is facilitated by the disordered tail, whose length and net charge, in combination with the charge distribution pattern along the tail, can promote direct transfer via the fly-casting mechanism (27) and consequently the number of jumping events. An elegant NMR study by the Clore group (28) demonstrated domain-specific kinetic data for translocation between high-affinity binding sites by the Oct-1 multidomain protein. The two DBDs of Oct-1 exchange between their cognate sites at significantly different rates, whereas the intersegment transfer of the whole multidomain occurs via a ternary intermediate in which the domains bridge two different DNA fragments simultaneously. Yet, not much is known about the molecular components that dictate the mechanism and efficiency of intersegment transfer by a multidomain DNA-binding protein.
In this study, we use coarse-grained molecular-dynamics (MD) simulations to characterize DNA search by two multidomain transcription factors: Pax6 and Oct-1. Both of these proteins consist of two helix-turn-helix DBDs connected by a flexible linker of 15 and 24 residues, respectively.
Pax proteins, which contain a conserved 128 amino acid DNA binding paired domain, play critical roles in mammalian development and oncogenesis (29) (30) (31) (32) (33) . The two independent domains of Pax6 will be distinguished here on the basis of their position along the sequence. Accordingly, the domain located closer to the N-terminal will be referred to as Pax6 N and that closer to the C-terminal will be referred to as Pax6 C . The crystal structure of a complex containing the Drosophila paired domain with its DNA sequence provides a model for the docking of the N-domain (34) , whereas the C-domain does not make any DNA contacts. Yet, for other paired domains, genetic and biochemical studies suggest that Pax6 C has important functions and makes DNA contacts, and that both the Pax6 C and Pax6 N domains are required for efficient binding to promoters (3, 4) .
The Oct-1 multidomain belongs to the POU family, which contains transcription factors with similar structures: a 75 amino acid POU specific domain, a variable linker of 15-30 residues, and a 60 amino acid POU homeodomain. The specific domain and homeodomain of Oct1 will be referred to as Oct S and Oct HD , respectively. POU proteins serve as key transcription regulators during mammalian development and control many general cellular processes. The two tethered domains, which fold independently, directly interact with the DNA (5,6), and both are required to achieve high affinity and sequence-specific binding (35) (36) (37) .
To understand how the individual domains cooperate in nonspecific DNA recognition and contribute to search efficiency and, in particular, intersegment transfer, we performed coarse-grained MD simulations in which nonspecific protein-DNA interactions were modeled solely by electrostatic interactions. We provide the microscopic mechanism and the molecular details of 1D diffusion and intersegment transfer by Pax6 and Oct-1 multidomains. We demonstrate the advantages a multidomain protein may have over a single-domain DNA-binding protein in searching DNA, and which biophysical properties the two domains must have to achieve facilitated search by tethering.
MATERIALS AND METHODS

Studied proteins
We selected two multidomain proteins, the Pax6 paired domain (PDB code: 6PAX (38) ) and Oct-1 (PDB code: 1OCT (39)), for examination in our study of DNA search by multidomain DNA-binding proteins, and used their resolved structures to parameterize the native topology-based Hamiltonians. We also studied three additional variants of Pax6 in which the binding affinity of the Pax6 C domain was modified by changing the charge of its seven positively charged residues (R and K residues) to neutral (Pax6 ) or by increasing the three positively charged residues in the recognition helix (residues R122, R125, and K131) from the wild-type (WT) value of þ1 (Pax6 þ1 ) to þ1.5 (Pax6 þ1.5 ) or þ2 (Pax6 þ2 ). In the case of WT Oct-1 þ1 , the crystal structure of the human multidomain with a 14 bp DNA was used. The Oct-1 þ2 variant was generated by increasing the charge of three positively charged residues in Oct-1 S (residues R20, R49, and K62) from þ1 to þ2. Only one of these residues is located in the recognition helix (residue 49). Isolated domains of Pax6 and Oct-1 proteins were studied by eliminating the linkers that connect the Pax6 domains (residues 61-76) and the Oct-1 domains (residues 76-99).
Simulation model
The molecular and dynamic nature of a protein search of DNA was studied using a reduced model that allows sampling of long-timescale processes such as sliding, hopping, 3D diffusion, and intersegment transfer. The DNA was modeled as having three beads per nucleotide, representing phosphate, sugar, and base. A negative point charge was assigned to beads representing the DNA phosphate groups. In the simulations, a 100 bp B-DNA molecule was used to study protein dynamics on a single dsDNA molecule, and two 100 bp B-DNA molecules separated by 60 Å were applied to investigate intersegment transfer. The protein was represented by a single bead for each residue located at the Ca of that residue. Beads representing charged amino acids (K, R, D, and E) were charged in the model. In contrast to the DNA, which remained in place and rigid throughout the simulations, the protein remained flexible and could undergo folding and unfolding events. We simulated the protein with a native topology-based model corresponding to a perfectly funneled energy landscape where native protein interactions were attractive and all other interactions were repulsive (40) . In addition to the native interactions, electrostatic interactions between all charged residues of the protein and the phosphate bead of the DNA were included and were modeled by the DebyeHuckel potential, which accounts for the ionic strength of a solute immersed in aqueous solution (15) . The dynamics of each protein were studied at various salt concentrations in the range of 0.01-0.2 M, using a dielectric constant of 40 at the temperature at which the protein was completely folded. We emphasize that the information obtained from the crystal structure was used only to model the protein, and the interface between the protein and DNA was modeled solely by electrostatic and repulsive interactions. Accordingly, our model does not include any bias toward the specific binding mode. More details regarding the simulation and structural classification of protein sliding, hopping, 3D diffusion, and intersegment transfer can be found elsewhere (15, 16, 41) .
Electrostatic contribution to protein-DNA binding energy
Electrostatic interactions play a key role in protein-DNA binding and are relevant to any DNA sequence. Consequently, they dictate nonspecific interactions between proteins and DNA. The electrostatic energy of various molecular systems (e.g., the salt dependence of ligand-DNA binding (42) (43) (44) ) was successfully estimated using the nonlinear Poisson-Boltzmann equation. In these calculations, the molecular surface was chosen as the boundary between the solute low dielectric and the solvent dielectric. Dong et al. (45) previously demonstrated that the electrostatic interaction energy is sensitive to the choice of dielectric boundary, such that the sign of the energy can be altered from positive to negative when the choice of dielectric boundary is changed from the molecular surface to the van der Waals (vdW) surface (45, 46) . It has also been found that calculated salt effects are insensitive to the details of the charge distribution (43) and the choice of the dielectric boundary (45, 46) . Thus, experimental salt effects Biophysical Journal 99(4) 1202-1211 cannot be used to discriminate between the two choices of the dielectric boundary. However, better agreement between the calculated and experimental effects of charge mutations is obtained when the calculation utilizes vdW-based estimates of the dielectric boundary (45, 46 (47) . In all electrostatic calculations, the parameters of charges and bind radii were adopted from the AMBER force field and Bondi radii. The temperature was set to 298.15 K, and the solute and solvent dielectric constants were 4 and 80, respectively. The solvent was modeled with an ionic strength of 150 mM. The dielectric boundary was set to the vdW surface. The calculation began with a coarse grid with a 2.0 Å spacing and then moved to a finer grid with a 1.2 Å spacing, both centered at the geometric center of the solute molecule. The dimensions of all grids were 97 Å Â97 Å Â97 Å .
Using the scheme described above, we estimated the electrostatic contribution to the binding affinity of each domain of multidomain DNA-binding proteins whose structures in complex with DNA were resolved by either x-ray or NMR. For multidomain DNA binding proteins with more than two domains, data are shown for the two domains that have the most diverse DNA binding affinities (see Fig. 6 ).
RESULTS AND DISCUSSION
Cooperation between domains increases affinity to DNA, and tethering affects the propensity to slide, hop, and 3D diffuse
In this study, we investigated the roles played by various domain combinations in searches of nonspecific DNA sequences by quantifying the molecular characteristics of sliding, hopping, and 3D diffusion undertaken by Pax6 and Oct-1 multidomain transcription factors. For each multidomain protein, the search of a 100 bp B-DNA molecule by the tethered and isolated domains of Pax6 C and Oct-1 S was simulated at a wide range of salt concentrations using a simple computational model (15, 16) in which protein-DNA interactions were represented solely by electrostatic forces. To investigate the effect of the relative affinity with which the two domains bind DNA, we studied the interactions with DNA of the WT domains and of variants in which the affinity of the weaker DBDs (Pax6 C and Oct-1 S domains) was modulated by increasing the strength of its electrostatic interface with DNA. The WT proteins will be designated Pax6 þ1 and Oct-1 þ1 (since the positive charges at the interface are þ1 under physiological conditions). The variants in which the Pax6 C and Oct-1 S domains have a higher affinity for DNA (while the Pax6 N and Oct-1 HD remain unchanged) will be designated Pax6 þ1. 5 
, Pax6
þ2 , and Oct-1 þ2 (since the positive charges of the R and K residues at the protein-DNA interface were increased to 1.5 or 2, respectively). As a control simulation, for Pax6 we also studied a variant without positive charges on the C-domain (designated as Pax6
).
To characterize the configuration of the multidomain proteins during sliding (simulated at a low salt concentration), we compared the distances between all of the protein residues and their closest DNA atoms during sliding with the equivalent distances in the crystal structure of the specific complex. These distances were calculated for the connected and isolated domains of each protein (Fig. 1) . A strong similarity between the nonspecific binding modes of the connected and isolated domains is seen, indicating that tethering the two domains via a linker does not perturb nonspecific binding. Furthermore, a reasonable degree of similarity is found between the specific complex and the nonspecific association of the multidomain protein with DNA. Similar observations were previously demonstrated by NMR measurements for HoxD9 (14, 19) and by MD studies (15, 16) for other DNA-binding proteins, and are a consequence of the sliding being performed while the protein is situated in the major groove and performing a helical motion along the DNA backbone. Yet, some differences between the specific and nonspecific binding modes are clearly expected due to their different affinities, dynamics, and hydration natures.
Overall, the nonspecific binding of the multidomain protein is similar to that seen in the crystal structures; however, the two tethered domains that comprise either Pax6 or Oct-1 deviate in terms of their binding mode to DNA. The Pax6 N and Oct-1 HD domains are closer to the DNA than their tethered Pax6 C and Oct-1 S component domains, indicating that the latter domains are more detached from the DNA in the nonspecific search because they have a lower affinity for the DNA (Fig. 1) . The two tethered domains slide along DNA, and the flexible linker allows variations in their separation distance along the DNA, d Z , and in the XY plane, d XY ( Fig. 1 and Fig. S1 in the Supporting Material).
The propensity to search DNA using a sliding mechanism diminishes as salt concentration rises, because the electrostatic attraction between the protein and the DNA weakens. Instead, the protein searches the DNA via the hopping and 3D diffusion mechanisms ( Fig. 2 and Fig. S2) . Clearly, the dynamics of domains with different nonspecific binding affinities to the DNA will be affected differently by increased salt concentration. One might expect the interplay between sliding, hopping, and 3D search to be different for the two tethered domains that comprise the multidomain proteins because they have different affinities to DNA and will respond differently upon a change in salt concentration. Indeed, the connected and isolated Pax6 N and Oct-1 HD domains perform more sliding than the corresponding Pax6 C and Oct-1 S domains, which weakly interact with DNA. In the isolated Pax6 N and Oct-1 HD domains, the hopping search mode is highly populated at moderate salt concentrations, but Pax6 C and Oct-1 S hop only at low salt concentrations because they mostly perform 3D diffusion at moderately low salt concentrations ( Fig. 2 and Fig. S2 ).
Biophysical Journal 99(4) 1202-1211
Tethering the component domains to each other via a linker increases the affinity of the resulting multidomain protein (Pax6 or Oct-1) to DNA (48) , as shown by the greater propensity of the tethered component domains to engage in sliding compared to their isolated counterparts ( Fig. 2 and Fig. S2 ). Although both the isolated and tethered domains of Pax6 can slide along DNA, tethering increases the propensity of the Pax C domain to slide (Fig. 2 a) and, more importantly, to hop (Fig. 2 b) . The higher propensity of the tethered Pax6 C domain to slide and hop comes at the expense of the 3D diffusion mechanism favored by isolated Pax6 C (Fig. 2 c) . Pax6 C exhibits increased affinity to DNA because it is tethered to Pax6 N , which has a stronger DNA binding affinity. The Pax6 N thus anchors the Pax6 C domain closer to the DNA and increases its local concentration around the DNA. Indeed, a higher salt concentration is needed to dissociate tethered compared to isolated domains from the DNA (Fig. 2 c) . To examine the ability of tethering to enhance binding affinity, we studied the search mechanism used by Pax6 variants in which the Pax6 C domain has a higher affinity to DNA than is found in the WT. We found that the higher the affinity of the Pax6 C domain to the DNA, the smaller the increase in hopping that is achieved by tethering it to the Pax6 N domain (Fig. 2 d) . Tethering was observed to yield very similar effects for the Oct-1 multidomain protein (Fig. S2) .
The value of the 1D diffusion coefficient, D 1 , of multidomain variants linearly diffusing along the DNA (by sliding or hopping) increases with increasing salt concentration due to an increase in hopping events. Hopping is a faster dynamic than helical sliding along the DNA backbone because it is not constrained to the major groove (15, 16) (Fig. 3) . The isolated domains of Pax6 diffuse much faster than the corresponding tethered domains. Isolated Pax6 C diffuses faster than isolated Pax6 N because of its lower affinity to DNA and its relatively high propensity to hop, even at a low salt concentration. Tethering the Pax6 N and Pax6 C domains to each other not only produces a multidomain protein that diffuses more slowly than either of its component domains, it also abolishes the discrepancy between the D 1 values of the component domains. To examine the effect of the DNA affinity of one domain on the linear diffusion coefficient of the domain tethered to it, we tethered the Pax6 N domain to various Pax6 C domains with different DNA affinities and measured its D 1 . Fig. 3 b shows that the diffusion rate of tethered Pax6 N domains becomes slower as the DNA affinity of Pax6 C increases. Similar behavior is observed for the diffusion of Oct-1 domains (Fig. S3) . This observation, which illustrates that the effect of coupling between the two domains depends on their relative affinities, can be explained by an increase in the slower search mode (sliding) at the expense of the faster search mode (hopping) for overcharged Pax6 C , which decelerates the Pax6 N domain tethered to it.
Cooperation between tethered domains facilitates intersegment transfer via a monkey-bar mechanism
We previously demonstrated that the existence of a disordered tail in homeodomain proteins can significantly enhance intersegment transfer between two parallel DNA molecules (16) . The tail acts as an additional subdomain that interacts with DNA and hence increases the overall protein affinity to the DNA and promotes intersegmental transfer via a fly-casting mechanism (27) . To determine whether the presence of two tethered DBDs facilitates intersegment transfer, as it does for homeodomains, or inhibits it due to tighter binding to the DNA, we studied the dynamics of the Pax6 and Oct-1 multidomain proteins in the presence of two parallel 100 bp DNA molecules separated by 60 Å . Free-energy surfaces as a function of the locations of the center of mass of the recognition helices of each of the Nand C-domains comprising either Pax6 (Fig. 4) or Oct-1 (Fig. S4) illustrate the mechanism of intersegment transfer. The energy landscape for multidomain jumps is composed of four minima. Two minima correspond to cases in which both tethered domains are concurrently bound to either DNA I or DNA II. The other two minima correspond to cases in which each domain interacts with a different DNA molecule. This suggests that the transfer from one DNA to the other proceeds through a bridged intermediate in which the domains are simultaneously attached to two different DNA molecules (Fig. 4) . This mechanism resembles the motion of children as they swing along monkey bars (16) . In similarity to the way a child transfers one hand at a time when swinging from bar to bar, the multidomain proteins cross from one DNA to another by transferring first one domain and then, after a certain lag time, the other domain. Experimental evidence for a ternary intermediate (i.e., a multidomain protein plus two DNA fragments) in intersegment transfer was provided by a recent NMR study by Doucleff and Clore (28) on the intermolecular translocation of Oct-1. In addition, a flexible, positively charged tail can also serve as a domain that stabilizes the bridged intermediate, as was proposed by NMR measurements of HoxD9 homeodomain (20) and demonstrated by a computational study of several homeodomain proteins (16) .
The effect of domain cooperation and salt concentration on the number of intersegment transfer events was explored for Pax6 and Oct-1 ( Fig. 5 and Fig. S5 ). In our simulation model, we found that a significant population of intersegment transfer events occurs at salt concentrations of 0.04-0.06 M for domains that bind DNA with low affinity and 0.06-0.1 M for domains that bind DNA with high affinity. The existence of an optimal salt concentration for this mechanism stems from the need to balance the strength of the electrostatic attraction between the protein and the DNA, which must be strong enough to allow helical sliding along the DNA but not so strong as to prevent 3D diffusion.
In Pax6, tethered Pax6 C and Pax6 N domains perform more intersegment transfer events than their isolated counterparts (Fig. 5 a) . The increase in the number of jumps is significantly greater for the tethered Pax6 C domain than for the tethered Pax6 N domain. In Oct-1, tethering the two domains significantly increases the number of jumps of Oct-1 S , but it barely affects Oct-1 HD compared to the corresponding isolated domains (Fig. S5 ). This is supported by an extensive study of Oct-1 dynamics on cognate DNA high-affinity binding sites that demonstrated that the average Oct-1 S exchange rate is~1.5 times faster than the average Oct-1 HD exchange rate at physiological salt concentrations (28) . For a DBD whose affinity to DNA is weak, tethering improves its ability to perform searches via intersegmental transfer.
Since the different affinities of the domains when they are linked to each other results in a different tendency to jump, we next examined how the variants in which the affinity of one DBD is modulated scan DNA via jumping. Enhancing the affinity of Pax6 C to the DNA reduces the number of intersegmental transfer events it performs, and causes a parallel increase in the number of jump events performed by the complementary Pax6 N (Fig. 5 b) . For example, tethered WT Pax6 C and Pax6 N perform~55 and~30 jumps, respectively, per simulation at an optimal salt concentration, whereas tethered C-overcharged Pax6 C þ2 and Pax6 N þ2 perform~10 and 80 jumps, respectively. These results suggest that the dissociation of a domain from one DNA molecule and its transfer to an adjacent DNA molecule while the other domain remains attached to the first DNA is more favorable when the other domain has a higher affinity to DNA and acts as a strong anchor. In the case of WT Pax6 and Oct-1 multidomain proteins, the domains with a higher DNA affinity (i.e., the Pax6 N and Oct-1 HD domains) act as anchors, whereas the lower DNA affinity domains (i.e., Pax6 C and Oct-1 S ) scan binding sequences on different DNA fragments. When the DNA affinity of the domain with the lower DNA affinity is increased, the reverse picture is obtained and Pax6 C and Oct-1 S act as anchors.
Search efficiency is improved by domain cooperation and intersegment transfer
To understand the effect of domain cooperation on search efficiency, we calculated the number of DNA positions that are probed using sliding by Pax6 and Oct-1 multidomain variants as a function of salt concentration, following the procedure described by Givaty and Levy (15) . For isolated Pax6 N (or Oct-1 HD ) on a single DNA molecule, optimal search efficiency is achieved at moderate salt concentrations (at lower salt concentrations the protein will mostly slide, and at higher concentrations it will mostly diffuse in the bulk), as was previously found for singledomain proteins (7, 11, 16) . By contrast, Pax6 C and Oct-1 S , which possess a low affinity to DNA, have a narrow range of salt concentrations in which they search the DNA efficiently ( Fig. 5 c and Fig. S6 ). These DBDs show a low search efficiency at moderate salt concentrations because under such conditions their tendency to slide is negligible ( Fig. 2 and Fig. S2 ). at a larger range of salt concentrations compared to search by isolated domains. Cooperation between the Oct-1 S and Oct-1 N domains in the tethered Oct-1 compensates for the narrow salt concentration range in which Oct-1 S is able to search efficiently, and shifts the efficient search range of the multidomain to moderate salt concentrations (Fig. S6 ). Recent theoretical (22, 23) and computational (16) studies showed that intersegment transfer notably improves search efficiency by DNA-binding proteins. The high search efficiency in a salt concentration range of 0.03-0.06 M is linked to the larger number of intersegment transfer events seen for tethered Pax6 domains in this range (Fig. 5) . We propose that the cooperation achieved by tethering two domains with moderate DNA affinities to each other will result in a better search efficiency than can be achieved with each isolated domain. Brachiating the protein into individual domains with different DNA affinities supports intersegmental transfer and therefore efficient search. When the affinity of one of the tethered domains to DNA is too high, the search efficiency of both domains may be reduced.
Individual domains that comprise multidomain proteins differ in their binding affinities to DNA
Our results suggest that the different affinities to DNA observed for the domains that comprise Pax6 and Oct-1 have a significant effect on search efficiency. This observation raises the question of whether the phenomenon of DBDs having different affinities to DNA is common to other multidomain DNA-binding proteins. To address this question, we calculated the nonspecific binding affinity of various DBD components of multidomain DNA-binding proteins to DNA by estimating the electrostatic contribution to the binding energy of the protein to its specific DNA sequence. We performed this calculation for all multidomain DNA-binding proteins for which solved structures in complex with DNA are available.
We calculated the electrostatic free-energy change on binding of several characterized domains to their specific DNA, DG el binding , using the nonlinear Poisson-Boltzmann equation and the APBS software package (47) . The dielectric boundary was set to the vdW surface. The electrostatic binding energy of the N-terminal domain to the specific DNA-binding site, in comparison with that of the C-terminal domain, reveals that most individual fragments in multidomain proteins bind with significantly different affinities to promoter sites (Fig. 6 ). For example, Oct-1 HD has a lower electrostatic free energy than Oct-1 S (À11.2 vs. 0.8 kcal/mol) and Pax6 N has a lower electrostatic free energy than Pax6 C (À6.4 vs. À1.9 kcal/mol) on binding with their specific DNA sites, in agreement with their nonspecific affinities discussed above. The variety in attraction to DNA seen for individual domains in multidomain DNA-binding proteins may suggest that there is a general biological relevance for specific or nonspecific DNA binding by individual fragments with different affinities.
CONCLUSIONS
Many proteins involved in the regulation of gene expression contain several DBDs, each of which is crucial for specific recognition. These domains very often lack any interface and can cooperate only via a flexible linker. The degree of cooperation between domains and their role in nonspecific DNA searches is not well understood. Understanding the molecular ingredients that allow proteins to search DNA efficiently via sliding, hopping, and intersegment transfer is essential for understanding the cellular network at the molecular level. It was recently shown that protein-DNA electrostatic forces, which can be significantly modulated by adjusting the ionic strength, are pivotal factors in dictating search efficiency. As such, homologous domains with different nonspecific affinities to DNA will search DNA differently. Furthermore, decoration of the globular domain with a disordered tail can change the timescale of the search.
In this work we performed a computational study of the molecular mechanisms of DNA search employed by two multidomain transcription factors, Pax6 and Oct-1. Our motivation was to formulate the biophysical criteria for achieving facilitated DNA search by a multidomain protein compared with isolated domains. We show that the domains that comprise either Pax6 or Oct-1 proteins engage in nonspecific binding to DNA with significantly different affinities. Our results are supported by experimental evidence, such as the finding that isolated Oct-1 HD binds to the human H2B histone promoter 150 times more tightly than isolated Oct-1 S (49) . Tethering the two domains that constitute either Pax-6 or Oct-1 strengthens the affinity of the resulting multidomain protein to the DNA (48) by increasing the population of the hopping search mode at the expense of 3D diffusion. Of more importance, the lower the affinity exhibited by the isolated domain to the DNA, the greater will be the effect of tethering to enhance its affinity to the DNA. Accordingly, tethering a DBD with weak affinity to DNA to a DBD with a higher affinity increases its local concentration around the DNA and its propensity to linearly diffuse along the DNA. The DBD with a high DNA affinity serves as an anchor to the DNA and improves the sliding performance of the DBD with the weaker affinity, but at the same time the tethering results in slower linear diffusion along the DNA than is exhibited by the isolated domains. A multidomain protein searches two parallel DNA molecules with which it interacts nonspecifically by exchanging between them via a bridged intermediate in which each domain is adsorbed onto a different DNA molecule, suggestive of a monkey-bar mechanism (16) . Intersegment transfer is facilitated by the existence of two domains, which act as two DNA-binding motifs and whose electrostatic potential can significantly affect the number of jumping events. As expected from the different affinity of the tethered DBD compared to its isolated counterpart, the intersegment transfer exchange rate of each domain in Pax6 and Oct-1 is also different. Our quantitative evaluation of jumping events performed by Pax6 and Oct-1 variants suggests that the direct transfer of a domain from one DNA molecule to an adjacent one is more favorable when the complementary domain has a higher affinity to DNA and acts as a strong anchor. In the case of WT Pax6 and Oct-1, the Pax6 N and Oct-1 HD domains act as anchors, whereas Pax6 HD and Oct-1 S act as explorers that scan potential DNA-binding sites. Experimental investigations of the exchange rate of lac repressor (26) and glucocorticoid receptor (25) have demonstrated the existence of different rates for specific dimeric subunits on nonsymmetric DNA-binding sites. NMR data for Oct-1 provide the exchange rates of each domain, which demonstrate that Oct-1 S jumps~1.5 times faster than Oct-1 HD . Thus, brachiating the protein into two domains can be advantageous for brachiating proteins that are using the monkey-bar mechanism to jump between two DNA molecules (50) .
Different kinetic parameters for tethered domains at particular promoters may result in differential transcription activation or repression by the multidomain cofactors, as was shown for single-basepair mutations in Oct-1 HD (51) and Oct-1 S (52) hemisites, and for missense mutations within the paired domains of the Pax genes (3, 53, 54) . In our simulations, mutations that strengthen or weaken domain-DNA affinity significantly influenced the interplay among sliding, hopping, and intersegment transfer, and affected search efficiency. On the basis of these results, we propose that cooperation between two domains with moderate affinities to DNA will yield a better search efficiency compared to that achieved by each isolated domain.
Our study indicates that cross talk between two domains is mediated by the flexible linker even when there is no physical interface between the two domains. This cross talk can lead to a significant improvement in the search efficiency that strongly depends on the relative affinities to DNA of the two domains. To examine the prevalence of this phenomenon, we examined the electrostatic contribution made by the individual domains of multidomain DNA-binding proteins to DNA-binding affinity. We found that, indeed, tethered domains tend to have different DNA-binding affinities, which may suggest that both specific and nonspecific DNA binding has biological relevance. Together, our results of enhanced DNA search for multidomains with polarized DNA-binding affinity and the observation that the individual domains of multidomain DNA-binding proteins have different affinities to DNA suggest that there is an evolutional drift toward the tethering of domains with very different affinities to DNA.
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